Introduction {#s1}
============

Redback spiders (RBSs) (*Latrodectus hasseltii*) produce the venomous neurotoxin alpha-latrotoxin^[@r1]^. The RBS originated in Australia but has now been confirmed in New Zealand, various European countries, Southeast Asia, and the United States^[@r2]^. In Japan, it was first reported in 1995 in Takaishi City in Osaka Prefecture, Yokkaichi City in Mie Prefecture, and Miyakojima City in Okinawa Prefecture^[@r3]^. RBSs were first sighted in Metropolitan Tokyo in 2014, and they are rapidly becoming a nationwide problem in Japan^[@r3]^. We believe that there is a risk they will spread throughout East Asia due to climate change and intensive interaction between people.

Most physicians in Japan are unfamiliar with RBS bites, as they are rare occurrences, so there is only limited clinical experience^[@r2]^. The symptoms of the bites are usually mild and localized, such as localized pain and erythema^[@r2]^. However, before the development of a specific RBS antivenom (RBSAV), which is manufactured through the immunization of horses, these bites often proved to be fatal^[@r4]^. RBSAV is produced by the Commonwealth Serum Laboratories (CSL) in Australia, but at present, it is considered an unapproved drug in Japan and therefore must be privately imported^[@r2]^. This issue was further complicated by the suspension of RBSAV imports from CSL in autumn 2013. Japan's Ministry of Health, Labour and Welfare launched a research group to evaluate the safety and efficacy of the antivenom and to organize and maintain information on all RBS bites in April 2013^[@r2]^. This group carefully evaluated the option of domestic RBSAV production for RBS bite emergencies. The first stage of production began in April 2014 and was completed in March 2016^[@r5]^. The RBSAV developed in Japan differed from that prepared by CSL in that long-term preservation was possible for an agent type of the lyophilized product^[@r6]^.

Appropriate toxicity and efficacy studies were required prior to use the newly produced antivenom in clinical practice. As for the Japanese antitoxin preparation, to the old preparation of the development generation, before the modern requirements for testing and approval came into force; nonclinical studies of the earlier preparation had therefore not been conducted. In Japan, the toxicity of antivenom can be assessed by comparing it with that of already approved antivenom for a different antigen prepared in a similar way (in this case, from horse plasma).

The objective of this study was to perform nonclinical toxicity studies of RBSAV, specifically a local irritation study and an repeated-dose toxicity study. Because this RBSAV is generally administered intramuscularly, we conducted an intramuscular administration local irritation study using rabbits, which can receive the same dosage as humans. To allow the possibility of intravenously administering RBSAV, we conducted an intravenous study in rats to confirm the systemic toxicity. Because RBSAV is a preparation derived from horse plasma, it was necessary to consider serum disease.

Materials and Methods {#s2}
=====================

Local irritation study
----------------------

Animals: Twelve 15-week-old male rabbits weighing 2.55--2.94 kg at the initiation of the study were purchased from Kitayama Labes Co. Ltd. (Minowa, Japan). All the animals were housed individually in stainless steel cages kept in a room maintained at 21.9--23.8°C, with 37--61% relative humidity and 12-h light and dark cycles. Solid feed (LRC4, Oriental Yeast Co., Ltd., Tokyo, Japan) was provided once daily to each animal. Water was available *ad libitum* from an automatic supply. The animals were grouped by stratified randomization of weight (MiTOX, Mitsui Zosen System Research Inc., Tokyo, Japan) to avoid differences in weight between the groups on the final day of acclimation. A local irritation study and repeated-dose toxicity study were approved by the Institutional Animal Care and Use Committee of Shin Nippon Biomedical Laboratories, Ltd., and were performed in compliance with domestic and international requirements, following good practice for animal welfare.

Sample and control materials: Freeze-dried equine-derived RBSAV, which contained 541 units of RBSAV activity, was provided by the Chemo-Sero-Therapeutic Research Institute (KAKETSUKEN). To prepare the RBSAV for injection, 1 mL of physiological saline was added to each vial (541 units/mL: 1-fold dilution). It is stipulated that one unit of RBSAV is a unit of antitoxin that neutralizes 10 mg of toxin^[@r7]^.

Physiological saline (Otsuka Pharmaceutical Co. Ltd., Tokushima, Japan) was used as the negative control, and the existing diphtheria antitoxin, provided by KAKETSUKEN, was used as the comparative control.

Treatment: Before administration, the fur on the right and left femurs was shaved with an electric hair clipper. A single injection of either the RBSAV or the existing diphtheria antitoxin was administered to the right side of the femoral muscle (*musculus vastus lateralis or tensor fasciae latae* muscle), and physiological saline was administered to the left femoral muscle. A disposable syringe, an extension tube, and a 23 G needle with a plastic stopper were used for administration. The needle was inserted into the femoral muscle or musculus vastus lateralis vertically at a depth of approximately 1 cm at the center of the muscle. The local irritation of the muscle was examined on days 2 and 14 after administration by a method described later.

Observations and examinations: All animals were observed for clinical signs daily. Body weight was measured at the start and end of quarantine and at the end of acclimation. The observation of the injection site was performed before the injection and approximately 3 and 24 h after injection. Irritation at the injection site was evaluated according to the Draize method standards^[@r8]^.

Pathology: The body weights of the rabbits in each group (3 per group) were measured either 2 or 14 days after administration. The animals were then anesthetized by an auricular intravenous administration of an aqueous solution of pentobarbital sodium (64.8 mg/mL, 0.7--0.9 mL/kg; Tokyo Chemical Industry Co., Ltd., Tokyo, Japan) and euthanized by exsanguination. The lateral vastus and tensor fasciae latae muscles and lesions around the muscles were sampled. When changes were observed on the muscle surface, the samples were sectioned longitudinally so as to include the most severe part of the externally observed abnormalities. When no change was observed on the muscle surface, the samples were sectioned longitudinally along the corresponding injection site. The sections were then subjected to macroscopic examination for hyperemia, bleeding, swelling, and white and brown discoloration evaluated on a scale of 0 (no abnormality) to 4 (marked change) ([Table 1](#tbl_001){ref-type="table"}Table 1.Macroscopic Examination of Sectioned Muscle at the Injection Site in Male Rabbits 2 and 14 Days after Dosing (Local Irritation Study)). For histopathological examination, tissue specimens of rabbit muscle tissue were fixed in 10% neutral buffered formalin solution. When lesions were observed macroscopically at an injection or corresponding site, the muscle fiber was sectioned transversally and laterally at 2 points, embedded in paraffin, and sectioned and stained with hematoxylin and eosin (HE). The specimens were observed for hemorrhage, edema, cell infiltration, degeneration, necrosis, and fibrosis in accordance with the criteria of histopathological evaluation (0, no abnormal changes; 1, very slight; 2, slight; 3, moderate; 4, marked). The most severe findings from two sections were selected per muscle.

Repeated-dose toxicity study
----------------------------

Animals: Forty 6-week-old male and forty 6-week-old-female Crl: CD(SD) rats weighing 159--241 g at the initiation of dosing were purchased from Charles River Laboratories Japan Inc. (Yokohama, Japan). All the animals were housed individually in stainless steel cages kept in a room maintained at 21.9--23.2°C with 43--57% relative humidity and 12-h light and dark cycles. Solid feed (CRF-1, Oriental Yeast Co., Ltd., Tokyo, Japan) was provided *ad libitum* to each animal. Water was available *ad libitum* from an automatic water supply system. The animals were assigned to groups by stratified randomization (MiTOX, Mitsui Zosen System Reseach Inc., Tokyo, Japan) according to body weight to minimize bias in body weight among the groups on the final day of acclimation.

Sample and control materials: RBSAV for the repeated-dose toxicity study was prepared in the same manner as for the local irritation study. The RBSAV and the diphtheria antitoxin were then diluted 10-fold with physiological saline to achieve concentrations of 54.1 units/mL and 50 units/mL.

Treatment: The rats were divided into four groups, each containing ten male and ten female rats. The two test article groups received 1 or 20 mL/kg of the RBSAV, the control group received physiological saline, and the fourth group received 20 mL/kg of the diphtheria antitoxin as a comparative substance. The test articles were administered into the tail vein of each rat using a disposable syringe, indwelling needle, extension tube, and infusion pump (BS-8000, Braintree Scientific Inc., Braintree, MA USA) at a rate of 0.5 mL/min. A second administration was performed after two weeks, i.e., on day 14 after the first injection on day 0.

Observations and examinations: Clinical signs were observed once daily, and body weight and food consumption were measured once weekly. On the other hand, hematology and blood chemistry were performed at days 16 and 42 (at 2 and 28 days after the second administration) in 5 males and 5 females per group using blood collected via the abdominal aorta under anesthesia just before the animals were euthanized. The hematological examination included tests for the following red and white blood cell counts, hematocrit value, hemoglobin concentration, platelet count, mean corpuscular volume, mean corpuscular hemoglobin, mean corpuscular hemoglobin concentration, reticulocyte ratio, leukocyte count ratio, prothrombin time, activated partial thromboplastin time, and fibrinogen. They were measured using an ADVIA 120 Hematology System (Siemens, Munich, Germany) and Sysmex CA-7000 System (Sysmex, Corporation, Kobe, Japan). The blood chemistry included the following: aspartate transaminase, alanine transaminase, alkaline phosphatase, creatinine kinase, total bilirubin, total protein, albumin, globulin, total cholesterol, triglyceride, glucose, urea nitrogen, creatinine, inorganic phosphorus, calcium, sodium, potassium, chlorine, protein fraction (albumin ratio, alpha-1 globulin ratio, alpha-2 globulin ratio, beta globulin ratio, gamma globulin ratio and albumin/globulin), and C-reactive protein, They were measured using a JCA-BM6070 automated biochemical analyzer (JEOL, Ltd., Tokyo, Japan) and an AES320 automated electrophoresis apparatus (Beckman Coulter Inc. USA).

For urinalysis, urine was collected from all the rats in each group within 4 h at days 15 and 41 using metabolic cages and subjected to urinalysis while still fresh. Color, pH, protein, glucose, ketone bodies, bilirubin, occult blood, urobilinogen, and urine sediment were assessed using an automatic urine analyzer (Kimball Electronics Wales Ltd., Bridgend, UK). Urine sediments were examined for red blood cells, white blood cells, transitional epithelial cells, renal tubular epithelial cells, casts, and other findings after staining with Sternheimer--Malbin^[@r9]^. Urine volume, urine specific gravity, sodium, potassium, and the amount of chloride were measured collected 16 h preserved urine using.

Pathology: At days 16 and 42 (at 2 and 28 days after the second administration), 5 male and 5 female rats per group were weighed and anesthetized by intraperitoneal administration of an aqueous solution of pentobarbital sodium; blood samples were then collected for examination, and the animals were euthanized. The external surface, internal organs, and tissues of the animals were observed macroscopically. The histopathological examination included the weights of the lungs, submandibular glands, liver, heart, kidneys, testes, epididymides, prostate, seminal vesicles, ovaries, uterus, brain, spleen, thymus, pituitary, thyroid and adrenal glands; each of these were collected and weighed using an electronic balance (HR-200, A&D Co., Ltd., Tokyo, Japan). The relative weights per 100 g were calculated from the body weight at necropsy. For the bilateral organs, the total left and right values were also calculated. The testes were fixed in formalin--sucrose--acetic acid solution, and other organs and tissues were fixed in 10% neutral buffered formalin solution. The injection site (the tail) was decalcified with Calcitox (Wako Pure Chemical Industries, Ltd., Osaka, Japan). For the high-dose (1,082 units/kg) and low-dose (54.1 unit/kg) RBSAV groups, saline group, and diphtheria antitoxin group, all organs and tissues such as the lungs, pancreas, liver, heart, kidneys, testes, epididymides, ovaries, uterus, brain, submandibular lymph nodes, mesenteric lymph nodes, spleen, thymus, adrenal glands, and tail were collected. After excision, the samples were embedded in paraffin, sliced, and stained with HE for histopathological examination. For the low-dose (54.1 unit/kg) RBSAV group, only the lungs, kidneys, and hearts were treated for histopathological examination.

Statistical analysis: Statistical analysis was performed for quantitative data, including body weight, food consumption, urinalysis data (quantitative data except electrolyte concentration), hematology data (excluding the differential leukocyte ratio), blood chemistry data, and organ weights (absolute and relative). First, the data from quantitative examinations were analyzed for homogeneity of variance using Bartlett's test^[@r10]^. When the variance was homogeneous, Dunnett's test^[@r11]^ was performed for multiple comparison between the control group and each test article group. When the variance was heterogeneous by Bartlett's test, a Dunnett-type test (Miller's test) was performed for multiple comparison between the control group and each test article group. In the diphtheria antitoxin group, the data from quantitative examinations were first analyzed for homogeneity of variance using by F test. When the variance was homogeneous, Student's *t* test was performed for comparison between the diphtheria antitoxin group and the saline control group. When the variance was heterogeneous by F test, the Aspin-Welch test^[@r12]^ was performed for comparison between the diphtheria antitoxin group and the saline control group. When this showed a significant difference, the data of the diphtheria antitoxin group and RBSAV groups were analyzed for homogeneity of variance using the F test. The Aspin-Welch test^[@r12]^ was performed for comparisons between the diphtheria antitoxin group and the RBSAV groups. When the variance was homogeneous, Student's *t* test was performed for comparisons between the diphtheria antitoxin group and the RBSAV groups. When the variance was heterogeneous by F test, the Aspin-Welch test was performed for comparisons between the diphtheria antitoxin group and the RBSAV groups. For urinalysis, gradable data were analyzed by Wilcoxon's rank sum test^[@r13]^, and comparisons of urine color between the saline control group and the RBSAV groups or the diphtheria antitoxin group were performed using Fisher's exact test. The MiTOX System (Mitsui Zosen Systems Research Inc.) was used for these statistical analyses.

Results {#s3}
=======

Local irritation study
----------------------

Observations and examinations: No animals died, and no abnormalities in clinical signs or body weight (detailed data are shown in [supplementary Tables S1-1 and 2](#pdf_001){ref-type="supplementary-material"}: online only) were observed in any animal during the observation period. Observation of the injection site showed no erythema/eschar or edema in any group. The results of the macroscopic examination are presented in [Table 1](#tbl_001){ref-type="table"}. No abnormalities were observed in any case at the injection site of the RBSAV preparations at either 2 or 14 days after administration.

Pathology: The histopathological examination results are summarized in [Table 2](#tbl_002){ref-type="table"}Table 2.Histopathological Findings at the Injection Site in Male Rabbits 2 and 14 Days after Dosing (Local Irritaion Study). At two days after administration of the RBSAV, very slight cell infiltration was observed at the injection site in one of the three animals. Hemorrhage, cell infiltration, and degeneration were observed at the injection site of the physiological saline, and the total mean score was 1.2. No abnormalities were observed at the injection site of the diphtheria antitoxin. At 14 days after administration, cell infiltration and degeneration were observed at the injection site of the RBSAV, and the total mean score was 1.0; cell infiltration and degeneration were also observed at the injection site of the diphtheria antitoxin, and the total mean score was 0.7. Degeneration was observed at the injection site of the physiological saline, and the total mean score was 1.0.

Repeated-dose toxicity study
----------------------------

Observations and examinations: No animals died during the observation period in any groups, and no test article-related changes were observed in clinical signs, body weight, food consumption, urinalysis, hematology, blood chemistry, necropsy, or weights of organs (detailed data are shown in [supplementary Tables S2-1, S2-2, S2-3-1--4, S2-4-1, 2, S2-5-1, 2, S2-6, S2-7-1, and 2](#pdf_001){ref-type="supplementary-material"}: online only). [Table 3](#tbl_003){ref-type="table"}Table 3.Blood Chemistry Findings in Rats Following Intravenous Injections of Redback Spider Antivenom, Diphtheria Antitoxin (for Comparison), or Saline (as the Control) (Repeated Dose Toxicity Study) summarizes some of the blood chemistry findings. The following significant differences in blood chemistry were found between the antivenom groups and the saline control group: at day 42, male rats in the high-dose RBSAV group had higher creatinine levels than those in the saline control group; male rats in the low-dose RBSAV group had higher C-reactive protein levels than those in the saline control group; female rats in the high-dose RBSAV group had lower sodium levels than those in the saline control group; and female rats in the low-dose RBSAV group had higher potassium levels than those in the saline control group. In addition, female rats in the high-dose RBSAV group had lower sodium levels than those in the diphtheria antitoxin group (p\<0.01). However, these differences were judged not to be attributable to the RBSAV because no difference was dependent on the dose volume of RBSAV, and all individual values were within or slightly outside (in two animals only) the range of the background.

In addition, the C-reactive protein level was significantly higher in male rats in the diphtheria antitoxin group than in those in the saline control group. However, this change was judged not to be an antitoxin-related change because it not accompanied by any other changes in the examinations, and all individual values were within range of the background.

Pathology: [Tables 4](#tbl_004){ref-type="table"}Table 4.Histopathological Findings in Rats 2 Days after Receiving the Second Dose in the Repeated-dose Toxicity Study[and 5](#tbl_005){ref-type="table"}Table 5.Histopathological Findings in Rats 28 Days after Receiving the Second Dose in the Repeated-dose Toxicity Study summarize the histopathological findings of the kidney at 2 and 28 days after the second administration of RBSAV, diphtheria antitoxin, or physiological saline (i.e., administration days 16 and 42) in male and female rats. The findings revealed very slight renal tubule hyaline droplets on both sides of the kidney on days 2 and 28 in the male rats in the RBSAV groups and on day 28 in the male rats in diphtheria antitoxin group. However, they were judged to be alpha 2u-globulin, which is a finding specific to male rats and of relevance to humans^[@r14],[@r15],[@r16]^ because the hyaline droplets were only observed in male rats and were positive for Mallory--Heidenhain staining and negative for periodic acid-Schiff (PAS) staining. In addition, because no changes related to renal injuries considered to be caused by the RBSAV were observed in any examination, it was judged that these changes were not toxicologically significant.

The histopathological findings other than those of the kidney in the repeated-dose toxicity study for the RBSAV are summarized in [supplementary Tables S2-8-1 and 2](#pdf_001){ref-type="supplementary-material"}: online only. No test article-related histopathological changes were observed in any other organs.

Discussion {#s4}
==========

In this study, RBSAV, an equine-derived polyclonal antibody, was intramuscularly administered to rabbits in a local irritation study and was intravenously administered to rats in a repeated-dose toxicity study to evaluate its potential toxicity. The results showed that the irritancy of a single injection of the freeze-dried RBSAV into the muscle of rabbits was comparable to that of injections of physiological saline or the existing diphtheria antitoxin preparation under the same test conditions. The repeated-dose toxicity study showed no toxicity-related changes due to the RBSAV in male or female rats, and the no-observed-adverse-effect level (NOAEL) was judged to be a dose volume of 20 mL/kg (1,082 units/kg antivenom activity) in both sexes. In addition, there was no toxicological difference between the RBSAV and the freeze-dried proteinaceous diphtheria antitoxin prepared with the same protein content and the same additive composition as RBSAV under the conditions of these studies.

RBSAV was first developed as an approved drug by CSL in Australia about 60 years ago. There are very few published documents about the manufacturing process of this RBSAV. The World Health Organization (WHO) and other researchers have reported various methods for developing snake antivenoms through horse immunization, but no consensus has yet been reached^[@r17],[@r18],[@r19],[@r20]^. Only very limited information is available describing the immunization of mammals with spider venom, and relevant information on RBS venom was found only in a single report by Wiener *et al.* from 1961^[@r7]^.

We manufactured approximately 6,500 vials of a single-dose freeze-dried test lot using RBSs captured in Japan^[@r6]^. This test lot had a potency (500 U/vial) equivalent to the only commercial product in the world (bioCSL) along with a safety profile and physicochemical properties similar to those of existing antivenom drug products commercially available in Japan. Nonclinical toxicity studies, which are generally performed, were conducted to check the potential toxicity of the new RBSAV using rabbits and rats.

Draize *et al.*^[@r8]^ developed a test for detecting local toxicity and irritation by using rabbits 70 years ago, and this method continues to be used as a local stimulation test for recently produced drugs^[@r8]^. In the present local irritation study, no deaths were observed during the observation period, and no abnormalities were observed in clinical signs or body weight. In addition, no erythema/eschar formation or edema was observed at the injection site of the freeze-dried RBSAV, and a macroscopic examination found no abnormalities at the site at 2 and 14 days after injection. Furthermore, no abnormalities were found in a histopathological examination. No obvious irritancy was observed in the rabbits injected with RBSAV or the diphtheria antitoxin after a single intramuscular administration. These results suggest that RBSAV could be a safe and reliable formulation for clinical application.

The repeated-dose toxicity study was contrived to determine the dose level that may cause obvious toxic changes upon repeated administration of a test substance to mammals and the details of these changes, as well as the dose level at which no toxic changes are noted. No changes related to toxicity were observed in the clinical and histopathological examinations in the present study. Slight changes were observed in the clinical examination, but they were unrelated, and no differences were dependent on the dose volume; all individual values were within or slightly outside the normal range (in two animals only), it was therefore judged that they were not attributable to the RBSAV. In addition, serum sickness and anaphylaxis toxicity were not indicated, even with repeated administration of an enormous volume of 2 vials/kg into the rat vein. All these findings suggest that, under the test conditions, the freeze-dried RBSAV caused no toxicity-related changes in male or female rats and that a dose volume of 20 mL/kg (1,082 units/kg protein dose) was a nontoxic dose for both male and female rats. In addition, there was no toxicological difference between the RBSAV and the diphtheria antitoxin prepared with the same protein content and the same additive composition as the RBSAV.

Compared with the popular equine-derived antivenom reported previously^[@r17],[@r18],[@r19],[@r20]^, these studies showed that the RBSAV had relatively low toxicity and no adverse effects. Antivenom is the mainstay of treatment for snakebite envenoming, and adverse reactions to the available snake antivenom are common in many parts of the world where snakebites are prevalent. Both acute (anaphylactic or pyrogenic) and delayed (serum sickness type) reactions occur. Acute reactions are usually mild, but severe systemic anaphylaxis may develop, often within an hour or so of exposure to the antivenom. Serum sickness after antivenom has a delayed onset of between 5 and 14 days after administration. Ultimately, prevention of such reactions depends mainly on improving the quality of the antivenom. Until these improvements take place, doctors have to depend on pharmacological prophylaxis (with the search for the best prophylactic agent still in progress) as well as on careful observation of the patient receiving antivenom in readiness for prompt management of any acute or delayed reaction, should they occur^[@r21]^. Serum sickness is a delayed immune reaction resulting from the injection of foreign protein or serum. Antivenom is known to cause serum sickness, but the incidence and characteristics of serum sickness are poorly defined^[@r22]^.

Our RBSAV is consistent with F(ab')2 equine-derived IgG^[@r6]^. Protein preparations made from heterologous proteins such as equine plasma have been reported to produce early and late side effects due to immune responses when administered to humans. The magnitude of the reaction depends on the content of the heterologous proteins contained in the preparation. According to the WHO antitoxin guidelines, it is recommended that the protein content be kept below 100 mg/mL^[@r23]^. The RBSAV examined in this study has high specific activity because of successful immunization of horses in the manufacturing process^[@r6]^. This allowed the protein content of the RBSAV to be as low as 8.1 mg/mL^[@r6]^. It is suggested that the protein content being 1/12.5 of the recommended value by the WHO guidelines is one of the reasons for the poor toxicity in rats.

The use of early antivenoms, such as the RBSAV produced by CSL, was associated with frequent acute adverse reactions and serum sickness. It is unclear what the risk of allergic reactions is with diluted intravenous CSL RBSAV when given appropriately. Ninety-five cases of the intravenous administration of CSL's RBSAV from January 2001 to November 2006 were reviewed^[@r24]^. All patients experienced local pain, 72% experienced radiating pain, 57% experienced diaphoresis, and 39% experienced systemic effects. Four patients (4%) experienced immediate systemic hypersensitivity reactions: none were severe, one was moderate, and three where mild. Of 32 patients followed up for 2 weeks, three (10%) developed serum sickness. These results indicated that RBSAV given intravenously had a low reaction rate^[@r24]^. Passive immunization has been used in clinical practice since the late 1890s, mainly for prophylaxis. The success of early treatments was marred by anaphylactic reactions and serum sickness because antibodies or antitoxins were not raised in humans^[@r25]^.

We believe that our method of manufacturing RBSAV will be manufacturing an equine serum-derived medicine with a very low rate of appearance of associated reactions from now on because of these nonclinical studies. Therefore, after proper consideration of the manufacture of this RBSAV and deliberation by an ethics committee, clinical application in humans will be examined in a future study.
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